Recent developments in the technology of crystal growth and the method for measuring elastic constants allows data to be accumulated on the elastic properties of high temperature intermetallics. This paper reviews the elastic properties of technically important intermetallics: nickel-based Ll 2 compounds, titanium aluminides and transition metal disilicides.
INTRODUCTION
In recent years, the investigation of intermetallic compounds has been the subject of intensive research activity. Extensive investigations have been performed on the plastic properties or the processing of various intermetallic compounds. Although the elastic constants are important material constants, the investigation of the elastic properties of intermetallics has been rather limited until recently. The values of elastic constants have been reported for technically important materials: nickel based Ll 2 compounds /1 -10/, some aluminides /11-15/ and silicides/16-23/.
Elastic constants are macroscopic parameters which define the response of the material for stresses (elastic compliance constants) or for strain (elastic stiffness constants). Since the origin of the elasticity is the cohesion of the discrete constituent atoms, they reflect the state of the atomic bonding. The plasticity of intermetallics is often discussed from the aspect of the atomic arrangement of dislocation core. An interatomic potential for such discussion is defined so as to satisfy the elastic properties of the material /24-29Λ
In this paper, we summarize measurements methods of elastic constants and theoretical approaches, together with their applications. We also review what is known about the elasticity of the structural intermetallics: Nibased Ll 2 compound, titanium aluminides and transition metal disilicides.
MEASUREMENT OF ELASTIC CONSTANTS
The standard method for measuring elastic constants of single crystals is the pulse echo (PE) method (Fig. 1) . In this method, the elastic stiffness constants are derived from the measured ultrasound velocity as Cij = pv2 (1) where ρ is the specific density of the specimen and V is a phase velocity of a certain polarized ultrasonic wave. It should be emphasized that phase and group velocities do not coincide in a general direction of propagation of sound waves in elastically anisotropic materials. For cubic crystals, all the elastic constants can be determined by measuring the velocities of ultrasonic plane waves propagating in the <110> directions. The elastic constants c L (= en + c, 2 + 2c 44 ), c 44 and c' (= (c n -c 12 ) / 2) are determined by the velocities of longitudinal waves and appropriately polarized, <001> and < 110>, transverse waves: three individual measurements are required. For crystals of lower symmetry, additional independent measurements are required in accordance with the increased number of independent elastic constants.
The smallest specimen size for the PE measurement is about 5mm in diameter and 3mm thickness. For high precision measurement, a larger specimen, say, 10mm in diameter and thickness, should be used. Such large single crystals are not always available for materials of interest. For measurement at higher temperatures, a length of buffer rod is interposed between the specimen and the transducer, the latter being outside the oven as shown in Fig. 1(b) . Another technique called a differential path method with the specimen having a special shape is adopted for high precision measurement ( Fig.  1(c) ) /30, 31/. These methods require large single crystals.
An alternative method, named the rectangular parallelepiped resonance (RPR) method /32/ or resonant ultrasound spectroscopy (RUS) /33/ (Fig. 2) has been developed by several groups. In this method, the elastic constants are determined from an experimentally measured resonance spectrum of a specimen. Demarest established a theory giving the resonance frequencies of a vibrating specimen with cubic symmetry and shape /34/, and Ohno developed the theory for a rectangular parallelepiped specimen with orthorhombic symmetry /35/. The theory was later extended to the case of trigonal crystals /36/. The resonance frequencies of the specimen can be calculated by these theoretical methods. There is no straightforward way, however, for the reverse process of deriving the value of elastic constants from a given resonance spectrum. Therefore the elastic constants are derived by the least square fitting method so that the calculated resonance frequencies well represent the experimental measured ones /32/. Although some efficient analysis methods have been reported /37,38/, the analysis is fundamentally a timeconsuming trial and error process. However, the recent development of an electronic computer makes the analysis relatively easy. In addition, the method has great advantages over the pulse-echo method. All independent elastic constants can be determined from a resonance spectrum of one small single crystal specimen. A typical size of specimen is about 3mm in edge length. The measurement can be made over a wide range of temperatures, since the method detects the amplitude of the vibration of the specimen and no phase information is required. Measurements have been performed in the range of temperatures from liquid helium temperature to 1300K /23/.
THEORETICAL APPROACH
Since the elastic constants are coefficients of the change in internal energy by applied stress or strain, theoretical calculations of the internal energy of the materials can predict the values of the constants. The calculated values for intermetallic compounds are tabulated in Table 1 He separated the total energy into two parts: the pairwise energy and the contribution of the electron gas. The former depends on the position of each atom and the latter depends on the volume of the crystal. Such treatment has been extended by many investigators, as summarized by Martin /28/. The extension was made to satisfy the conditions which are imposed by rotational invariance on the coefficients of an expansion of the potential energy in terms of the atomic displacement components 1211. In semiconductors, the contribution of electron gas can be neglected. For compound semiconductors, such as ZnS and GaAs, the electrostatic energy should be considered /26/. More recently, semi-empirical methods have been developed. A popular approach is the second-moment approximation of tight binding theory which was applied to spbonded elements /47/ and compounds /48/ and pdbonded compounds /49/.
Some intermetallics have structures with non-centrosymmetry. In such crystals, the elastic deformation does not homogeneously displace the constituent atoms, because an elastic relaxation occurs in a unit cell of the crystal lattice. This phenomenon is named as internal strain. The theoretical calculation should take into account the phenomenon when estimating elastic energy. Stadler et al. /46/ shows the calculations with and without the effect of internal displacement. The relaxation influences the result for c 44 drastically: the elastic constant to the unrelaxed geometry is 60% larger than for the fully relaxed case. The relaxation gives rise to a softening of c u ·
PREDICTION OF DUCTILITY FROM ELASTIC CONSTANTS
A prediction of the ductility of the material is one of the interesting applications of elastic constants. Pugh proposed a criterion for the brittleness of materials /50/: the ratio of the bulk modulus to the shear modulus, B/G. This ratio has been introduced by considering that the shear modulus G represents the resistance to plastic deformation, while the bulk modulus Β represents the resistance to fracture. The larger the ratio, the higher the ductility. The critical value of B/G which separates ductile and brittle materials is about 1.75. The ratio is rewritten as:
where ν is Poisson's ratio. For elastically isotropic materials, ν is given as:
Another index of the ductility is the Cauchy pressure which is defined as the difference between a certain two elastic constants, c n -cee, The temperature dependence of the shear anisotropy factor A = c 44 Elastic constants of titanium aluminides are listed in Table 2 together with those of pure titanium and aluminum /56/. It is interesting to compare the values for Ti 3 Al with those of pure titanium, since Ti 3 Al is of a D0 )9 -type based on the hexagonal lattice. The most obvious difference is that c 12 and c i3 for Ti 3 Al; are smaller than those for pure Ti, while the other constants for Ti 3 Al are larger than those for pure titanium. Similar trends are observed for the relationship between pure Al and TiAl 3 which has D0 2 2-type based on the fee lattice. For TiAl which has Ll 0 -type based on the fee lattice, differences for c i2 and c )3 are much smaller than those (a) [112] [110] [211]
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(111) plane Table 3 .
Except for CoSi 2 with CI structure, they have small c l2 , The atomic arrangements of the (110) in the Cllb structure are almost identical to those in the (0001) in the C40 and the (001) in the C54 structures. Thus, it is expected that the elastic constants of these structures have common features. Actually, both of the compressive elastic stiffness constants along the <110> in MoSi 2 with Cll b and the <0001> in Mo(Si,Al) 2 with C40 structures have similar values: 454 GPa and 440 GPa, respectively.
ELASTIC PROPERTIES OF INTERMETALLICS
In the following discussion on the elastic properties of intermetallics, we will mainly focus on the bulk and shear moduli. The nature of the bond in the material may be characterized by the bond strength and the directionality of the bond. The bulk modulus, which measures the resistance to hydrostatic compression, is considered to be a good measure of the bond strength.
Table 3
Experimentally determined single crystal elastic constants of transition metal disilicides the modulus is normalized to the value of 0 K. By this scaling, the temperature dependence of bulk moduli for all the materials converges to the same line, while the shear moduli are grouped into three, depending upon the type of cohesion: metals, semiconductors and intermetallics.
It is interesting to see that the nature of bonding of each compound may be assessed by use of this graph. For example, Ni-based Ll 2 compounds are very close to metals, while MoSi 2 with the CI l b structure are far from metals, being intermediate between metals and semiconductors. Various properties other than elasticity of these materials are also known to be consistent with this assessment.
